In the present work we investigate the link between high-mass X-ray binaries (HMXBs) and star formation in the Large Magellanic Cloud (LMC), our nearest star-forming galaxy. Using optical photometric data, we identify the most likely counterpart of 44 X-ray sources. Among the 40 HMXBs classified in this work, we find 33 Be/X-ray binaries, and 4 supergiant XRBs. Using this census and the published spatially resolved star-formation history map of the LMC, we find that the HMXBs (and as expected the X-ray pulsars) are present in regions with starformation bursts ∼6-25 Myr ago, in contrast to the Small Magellanic Cloud (SMC), for which this population peaks at later ages (∼25-60 Myr ago). We also estimate the HMXB production rate to be equal to 1 system per ∼ 43.5 × 10 −3 M yr −1 or 1 system per ∼143 M of stars formed during the associated star-formation episode. Therefore, the formation efficiency of HMXBs in the LMC is ∼17 times lower than that in the SMC. We attribute this difference primarily in the different ages and metallicity of the HMXB populations in the two galaxies. We also set limits on the kicks imparted on the neutron star during the supernova explosion. We find that the time elapsed since the supernova kick is ∼3 times shorter in the LMC than the SMC. This in combination with the average offsets of the HMXBs from their nearest star clusters results in ∼4 times faster transverse velocities for HMXBs in the LMC than in the SMC.
INTRODUCTION
The production rate of X-ray binaries (XRBs) is a key parameter for understanding their formation and evolution. In the last few years, numerous theoretical and observational works (e.g., Belczynski et al. 2008 , Sepinsky et al. 2009 , Linden et al. 2010 , Fragos et al. 2013 , Tzanavaris et al. 2013 ) have been performed, with the main focus in improving the realism in the population synthesis models as more observational constraints become available. The Magellanic Clouds are the only galactic environment so far that allow for a direct measurement of the production rate of HMXBs, systems consisting of a compact object (either a neutron star -NS-or a black hole -BH-and in few cases a white dwarf -WD) orbiting an early-type companion. The most numerous subclass of this type of objects up to now detected 1 is the so called Be/X-ray binaries E-mail: vantoniou@cfa.harvard.edu 1 There is an increasing number of Supergiant Fast X-ray Transients (SFXTs; Negueruela et al. 2006 ) being discovered in the Milky Way mainly with INTEGRAL. SFXTs have incredibly short outburst times (rising in tens of minutes and lasting few hours), and quiescent luminosities of ∼ 10 32 − 10 34 erg s −1 (Chaty 2015) , making them even harder to detect (Be-XRBs) with O-or B-type donor stars that exhibit line emission over the photospheric spectrum (for a review see Porter & Rivinius 2003) .
In the Small Magellanic Cloud (SMC) several studies revealed a large number of HMXBs in low fluxes (e.g., Antoniou et al. 2009b , Antoniou et al. 2010 , Haberl & Sturm 2015 , which allowed us to investigate the link between HMXBs and star formation (e.g., , Antoniou et al. 2010 . We found that the Be-XRBs and the Xray pulsars (all but one of the ∼ 70 known X-ray pulsars have Oe-or Be-type companions, with the other system being a supergiant; Coe & Kirk 2015) are observed in regions with star-formation bursts ∼ 25 − 60 Myr ago (strongly peaked at ∼ 42 Myr). On the other hand, we found that regions with strong but more recent star formation (e.g., the Wing) are deficient in Be-XRBs, in agreement with than the transient Be-XRBs. There may be a significant population of these sources in the Magellanic Clouds that have yet to be discovered. For example, Ducci et al. (2014) estimate the number of Galactic SFXTs at 37 +53 −22 , suggesting that the SFXTs constitute a large subclass of XRBs with supergiant companions.
the Chandra survey of the SMC Wing (PI. M. Coe), which detected only 4 HMXBs in 20 observed fields 2 (McGowan et al. 2008 ) and the large XMM-Newton survey of the SMC (P.I. F. Haberl et al. 2012b ), where only 6 HMXBs (3 confirmed and 3 candidate) have been identified in 10 fields in the South-East part of the SMC . By correlating the number of observed BeXRBs (HMXBs) with the formation rate of their parent stellar populations (i.e., with the SFR of the regions that host these systems), Antoniou et al. (2010) derived a Be-XRB (HMXB) production rate of ∼1 system per 3 (2.5)×10
−3 M yr −1 . That was the first direct calibration of the XRB formation rate at ∼ 40 Myr by measuring the formation rate of the XRBs per unit SFR of their parent populations.
Finally, the strong spatial correlation between the Be-XRBs in the SMC and their parent stellar populations provided strong evidence for relatively small supernova (SN) kicks during the formation of the compact object. We estimated an upper limit of ∼15-20 km s −1 , in agreement with measured velocities of Be-XRBs in the Galaxy (15 ± 6 km s −1 ; van den Heuvel et al. 2000) and estimated values in the SMC (Coe 2005 and Antoniou et al. 2009b) .
Motivated by the above work, we investigate here the link between HMXBs and star formation in the Large Magellanic Cloud (LMC), our nearest star-forming galaxy (only at ∼50 kpc; Macri et al. 2006 ). The LMC is a dwarf irregular galaxy in the Local Group. It has an extended circular shape with a prominent offcenter bar, a nucleus, and irregular spiral arms (based on results from the DENIS survey; Cioni et al. 2000) . It experiences intense star-formation activity with a higher star formation rate than the SMC (Cioni 2009 ). Despite its moderate Galactic foreground absorption (N H 6.4 × 10 20 cm −2 ; Dickey & Lockman 1990 ) and closer distance, the LMC has received much less attention in the X-rays than the SMC, with most observations focusing so far on individual X-ray sources (such as LMC X-1, X-2, X-3, etc).
Another reason for selecting the LMC as a target for this study is its sub-solar metallicity (∼1/2.5 Z ; Cole et al. 2005 ). Nowadays it is widely accepted that metallicity is one of the three main factors that determines the formation rate of young XRBs (the other two being the age of the parent stellar populations and the SFR). Even though the details of how metallicity affects the HMXB populations are not well understood, there is a growing body of theoretical work indicating that low metallicity is associated with higher formation efficiency of HMXBs (Dray 2006 ) and higher luminosity (Fragos et al. 2013 ). For example, Douna et al. (2015) found that galaxies with metallicities below ∼1/5 Z , which is the typical value for the SMC (Luck et al. 1998) , have on average 10 times more HMXBs per unit SFR than solar metallicity galaxies. On the other hand, Linden et al. (2010) find that for significantly sub-solar metallicity there is no dependence of the HMXB populations on the metallicity.
For such comparisons of course one needs an up-to-date tally of the number of HMXBs in this galaxy. Since Liu et al. (2005) published the list of known HMXBs in both Magellanic Clouds, several new such systems have been discovered in the LMC (mainly by the Swift and INTEGRAL satellites). As a by-product of this 2 Though, as noted in this work, it is possible that a larger number of HMXBs exist in the SMC Wing, which nevertheless remain undetected due to the transient nature of the Be phase and the low probability of detecting them in outburst (for L X ∼ 10 38 erg s −1 this probability is only ∼10%; Fig.  4 .62 in Galache 2006) . In any case, based on the lower star-formation rate (SFR) of the SMC Wing when compared to that along the SMC Bar, we expect a smaller number of Be-XRBs than those identified in the SMC Bar (Antoniou et al. 2010 ).
work, we compiled a list of all known HMXBs in the LMC, for which we also identified their optical counterparts. Until now, only 28 of such systems had a known counterpart in the literature. Our work provides the best candidates for spectroscopic follow-up programs that will identify the nature of the HMXBs in the LMC unambiguously.
Based on this material and the spatially-resolved starformation history map (Harris & Zaritsky 2009; hereafter [HZ09] ), we are in the position to investigate the link between HMXBs and star formation in the LMC. In Section 2 we present an up-to-date tally of the young XRB population of the LMC and in Section 3 their optical properties. In particular, in Section 3.1 we present their most likely optical counterparts along with estimations of the chance coincidence probability. The final classification of the XRBs is given in Section 3.2, while the metallicity of the young stellar populations in both Magellanic Clouds is discussed in Section 3.3. In Section 4 we investigate the global star-formation history of this galaxy, and the link between stellar and XRB populations. In Section 5 we study the properties of the HMXB population in the LMC. In particular, in Section 5.1 we discuss the starformation history of young XRBs in the Magellanic Clouds, and in Section 5.2 the formation efficiency for the various XRB types. In Section 5.3 we present previous studies on this subject, and in Section 5.4 the spectral-type distribution of the LMC HMXBs. A discussion about the young parent stellar populations of the LMC X-ray pulsars follows in Section 5.5. The last part of this work discusses the supernova kick velocities of the LMC HMXBs (Section 5.6) and presents the "Corbet diagram" (Corbet 1984) of HMXBs in the Magellanic Clouds and the Milky Way (Section 5.7). Finally, in Section 6 we summarize the main findings of this work.
Throughout this work, we adopt a distance modulus of (m − M) V = 18.50 ± 0.02 mag (Alves 2004) . We also use R V = 3.41 (Gordon et al. 2003) in order to estimate the E(B − V) (= A V /R V ) reddening. A mean extinction value < A V > for an area with a radius of 12 around each HMXB is derived by using the "LMC Extinction Retrieval Service" tool 3 ). We estimate an average value of < A V > ∼ 0.50 mag for early-type stars, thus resulting in E(B − V) ∼ 0.15 mag. Regarding the metallicity, we use the latest value of Z = 0.0134 from the review of Asplund et al. (2009) , instead of the more widely-known canonical value of Z = 0.02 (Anders & Grevesse 1989) .
Since the completion of this work, 2 additional sources have been reported in the literature as HMXBs, and the spin period of a known source was derived. For completeness we list them here, and in Table 1 , but we do not include them in our analysis. Clark et al. (2015) identified an X-ray bright emission-line star as part of the VLT-FLAMES Tarantula Survey that could be the first HMXB identified within 30 Dor, if indeed XMMU J053833.9-691157 and CXOU J053833.4-691158 are associated with VFTS399. Swift J0549.7-6812 (reported in ATel #5286; ) is located at (RA, Dec.)=(05:50:06.47, -68:14:55.7) with a 90% confidence astrometric error (r 90 ) equal to 1.4 , and a 6.2-second pulse period (ATel #5309; Krimm et al. 2013c) . Although this source, also reported as LXP6.2, has a blue counterpart suggesting a neutron-star HMXB system in the hard state (ATel #5293; , it is not included in our analysis, because these results not been published in a refereed paper since they were reported in ATels 3 years ago, thus we are uncertain about its nature. A new X-ray pulsar that was recently detected in the LMC XMM-Newton survey is reported by Vasilopoulos et al. 2016 (to be subm.; private communication) to have a pulse period of 38.55 (1) s. This source (LXP38.55) has been previously detected and it is associated with sources IGR J05007-7047 and CXOU J050046.0-704436. With the addition of the latter 2 new pulsars, the total number of known systems in the LMC is now sixteen.
THE HMXB POPULATION OF THE LMC
So far there has not been any complete X-ray survey of the LMC in the soft X-rays (∼0.5-10 keV). analyzed 23 XMM-Newton archival observations (covering ∼3.8 sq. degrees down to 3 × 10 33 erg s −1 at 2−8 keV) and found ∼460 point sources. However, more than 94% of those objects have been identified as background X-ray sources observed through the LMC, and only 9 sources as candidate HMXBs (with 19 additional objects of uncertain nature). The INTEGRAL observatory has also surveyed the LMC, thus allowing us to study for the first time the hard (15 keV−10 MeV) X-ray emission of a handful of sources in this galaxy (Götz et al. 2006) . In particular, the INTEGRAL survey of the LMC discovered 5 new faint high-energy sources, although only 2 of them are potentially located in this galaxy. More recently, Grebenev et al. (2013) presented the results from the ultra deep (∼7 Ms) INTEGRAL survey of the LMC. They detected 7 known HMXBs, and 2 new hard X-ray sources; the nature of the latter is unknown.
Forty five LMC HMXBs are known to date (confirmed and candidate systems, however in a few cases discussed below, we question this nature based on more recent photometric surveys). Only 16 systems have been confirmed as Be-XRBs (one of these sources is most likely a WD/Be-XRB; Kahabka et al. 2006) , while 5 systems have been classified as candidate Be-XRBs. In the compilation of Liu et al. (2005) , one finds 2 LMC sources listed as supergiant XRBs (SG-XRBs): RX J0532.5-6551 and RX J0541. 4-6936 (Sasaki et al. 2000) , though in the original publications these systems are only identified as candidate SG-XRBs. Moreover, there are 2 black-hole HMXBs (LMC X-1: Hutchings et al. 1983 LMC X-3: Cowley et al. 1983 ). The remaining 20 sources are classified as NS/HMXBs based on their hard X-ray spectra, and in some cases, their association with a massive star showing Hα emission. These systems have been classified in this work as either candidate Be-XRB or SGXRBs, except for 4 cases where the classification was revised to non-HMXB systems (see below Section 3.2 and Table 5 ).
In Table 1 we present a list of all known HMXBs in the LMC compiled from the literature (as of Dec. 2014 4 ). In Columns 1 and 2, we give the X-ray source ID and source name, respectively. In Columns 3 and 4, we list the Right Ascension and Declination (J2000.0), and in Column 5 the positional uncertainty of the X-ray source (followed by the references in parenthesis). In cases of several detections reported in the literature, the coordinates with the smallest positional uncertainty are presented. Column 6 gives the 4 Two additional sources published in the meantime are reported at the end of the previous section. With the exception of source IGR J05007-7047, which is already included in our HMXBs list, we do list these 2 sources in Table 1 for completeness, but we do not include them in our present work. Similarly, we added in this table the pulse period of source IGR J05007-7047, but we also do not include this source among the known LMC X-ray pulsars in our analysis ( i.e., we only include it in the list of known HMXBs).
source ID from the catalog of Liu et al. (2005) , which is the most recent compilation of HMXBs in the LMC prior to this work. Column 7 gives the pulse period in seconds followed by the orbital period in days (with corresponding references given in parenthesis). Finally, the spectral type of the optical counterpart and the XRB type, as presented in the literature, are given in Columns 8 and 9, respectively, with the reference list as updated as possible.
THE OPTICAL PROPERTIES OF THE YOUNG X-RAY SOURCE POPULATION OF THE LMC
There are two major photometric surveys of the LMC in the optical band: the Magellanic Clouds Photometric Survey (MCPS; Zaritsky et al. 2004 ) and the Optical Gravitational Lensing Experiment (OGLE-III; Udalski et al. 2008 ). The MCPS is the largest area survey of the LMC (with a pixel scale of ∼0.7 /pixel) covering ∼8.5 • ×7.5
• with observations in the U, B, V, and I filters reaching a limiting V-band magnitude of 20-21 (depending on the local crowding). The final LMC photometric catalog contains over 24 million objects, the vast majority of which are stars in the LMC ). All but one (LMC X-3) of the LMC HMXBs presented in Table 1 are covered by the MCPS survey. On the other hand, the OGLE-III survey is a significant extension of the OGLE-II maps (Udalski et al. 2000) that covered only the central regions of the LMC. This survey covers ∼40 sq. degrees of the LMC and contains V and I photometry and astrometry for about 35 million stars observed during 7 observing seasons. However, since only 27 out of the 45 X-ray sources studied here are covered even by the extended OGLE-III survey, in the present work we chose to use exclusively the MCPS catalog.
Optical counterparts of HMXBs in the LMC
As discussed in Section 1, only 28 systems had a known counterpart in the literature prior to this work (and these are clearly marked in Tables 2 -4 ). In this work we perform a systematic cross correlation of the known X-ray sources in the LMC with the MCPS catalog. For consistency we extend this search to the 28 systems with known counterpart. The vast majority of the sources reported in Table 1 have been identified with X-ray telescopes with typical astrometric errors of ∼5 (e.g., XMM-Newton, Swift, ROSAT) or worse (e.g., ASCA). A few (5) sources have sub-arcsecond positions. Therefore, we adopt a search radius of 5 , which in the case of XMM-Newton and ROSAT also includes the boresight error (e.g., Brusa et al. 2007 , K'urster & Hasinger 1993 .
The resulting matches are presented in Table 2 . In Column 1, we give the X-ray source ID (same as in Column 1 of Table 1 ). In Columns 2 and 3, we give the Right Ascension and Declination (J2000.0) of the MCPS counterparts, while their photometric data are listed in Columns 4-13 (these data are taken directly from the original catalogs without applying any reddening correction): apparent magnitudes in the U, B, V, and I bands (Columns 4, 6, 8, and 10) , the B − V color (Column 12), and their errors (Columns 5, 7, 9, 11 and 13, respectively) . The distance (in arcseconds) of the counterpart to the X-ray source is given in Column 14, while in Column 15 "n" indicates a newly identified counterpart from this work, "k" a known counterpart in the literature, and "A" those counterparts that are discussed in the Appendix A. There are only 10 X-ray sources with unique optical matches within 5 , while there is one more source without any match at this radius. For completeness, we also repeated this exercise for larger radii. This is partic-ularly important for sources detected with ROSAT PSPC or ASCA, which have error circles larger than 5 (see Table 1 ). The resulting matches are presented in Tables 3 and 4, which follow the structure of Table 2 . However, we emphasize that in the case of sources with sub-arcsecond positional uncertainties, we do not identify any counterpart at distances larger than ∼1.7 (consistent with Chandra's off-axis averaged astrometric error following the prescription of Hong et al. 2005) .
Based on thorough Monte Carlo simulations presented in Section 3.1.1, we propose here as the most likely counterpart of sources with more than one optical matches within the search radius, the brightest one (and among sources of similar brightness the bluest one), which is indicated in bold in Table 2 . Following Section 3.1.1 we give preference to sources with M Vo < −2 and (B−V) o ≤ 0.25 or M Vo < −3 and (B − V) o > 0.25; these are referred to as "unambiguous" matches because of their very low chance coincidence. For only 26 out of the 44 X-ray sources with MCPS coverage there is an unambiguous counterpart within 5 , i.e. within the 1σ search radius. For other 6 X-ray sources, this unambiguous match is a bright source (V 20 mag and B − V 0.2 mag) that lies within the 5 to 10 annulus (presented at Table 3), while 2 additional X-ray sources have an unambiguous match at a distance larger than 10 (these sources have large X-ray positional uncertainties; Table 4 ).
In Fig. 1 we show a V, B − V color-magnitude diagram constructed from 500,000 randomly selected MCPS stars (black contours) listed in the catalog of Zaritsky et al. (2004) . Shown with dark yellow and red filled circles are the Be and B[e] III-V stars, respectively, from the spectroscopic study of Reid & Parker (2012) . The O and B stars from the census of Bonanos et al. (2009) are shown in green and blue circles, respectively, with luminosity class III-V objects shown with filled symbols, and luminosity class I-II objects shown with open symbols. Since Reid & Parker (2012) do not list the MCPS photometry of their objects, we cross-correlated their coordinates with the MCPS catalog using a search radius of 1 . All these different datasets constitute the background of this color-magnitude diagram, while in the foreground we show the identified optical counterparts to the X-ray sources marked by the X-ray source ID (Column 1 of Table 1 ). Magenta symbols indicate unambiguous matches (i.e. the counterpart of each source that falls in the area of lowest chance coincidence probability; c.f. Section 3.1.1). All the remaining sources are shown with cyan symbols, and the most likely matches among those are marked with black diamonds (if possible to select one; see detailed discussion in the Appendix A). We also overplot the Geneva isochrones (Lejeune & Schaerer 2001) for metallicity Z=0.008 and for various ages ranging from 1 Myr to ∼490 Myr.
From the comparison of the V, B − V color-magnitude diagram in the LMC (Fig. 1) , and the SMC (Fig. 2 of Antoniou et al. 2009b) , we see that the counterparts of HMXBs in the LMC are bluer than those in the SMC. Most of the matches in the LMC are clustered around (B − V) o ∼ −0.2 mag (corrected for reddening), while in the SMC they are found around (B − V) o ∼ −0.1 mag. Similarly, from the overlaid Geneva isochrones (Lejeune & Schaerer 2001), we find counterparts as young as ∼ 3 Myr in the LMC with their majority being younger than ∼ 45 − 55 Myr, while in contrast in the SMC their estimated age is ∼ 15 − 85 Myr (Antoniou et al. 2009b ).
Chance coincidence probability
In order to estimate the chance coincidence probability of identifying spurious matches from the MCPS catalog as the optical counterparts of the HMXBs, we performed extensive Monte Carlo simulations showing that the brightest match is the most likely optical counterpart.
Following the same procedure as in Antoniou et al. (2009b) , we looked for matches of the X-ray sources after applying a random positional offset in Right Ascension and Declination. In particular, we created 1,000 random such samples with offsets drawn from a uniform distribution, taking care that the new position is outside the search radius of each source, and then we cross-correlated each of these samples with the MCPS catalog in the same way as the observed data. The chance coincidence probability was estimated for 2 different search radii (5 and 10 , corresponding to 1 and 2 times our typical search radius, respectively). In order to account for the varying density of stars in different regions of the color-magnitude diagram, we performed the cross correlations for a grid of magnitudes and colors, in regions of the V, B−V color-magnitude diagram that have a range of 1 mag in the V band and 0.2 mag in the B − V color, in all but the cases where the stellar density of these regions was small. In these cases, we increased this range accordingly so as to obtain meaningful results from the cross correlations. The results are given in Fig. 2 . It is clear from this figure that for X-ray sources with more than one optical matches, the brightest one has the lowest probability of being a spurious match, while for equally bright matches, the one with the smallest chance coincidence probability is the bluest source. For sources with fainter optical counterparts the chance coincidence increases significantly (see also Antoniou et al. 2009b) .
We also studied the chance coincidence probability as a function of search radius for stars in the locus of OB spectral types (M Vo ≤ −0.75 and (B − V) o ≤ 0.20). These results indicate that for a search radius of 5 , about 21 ± 10% of the bright blue (V 18.25 mag and (B − V) 0.35 mag) matches are spurious associations (this probability increases to ∼ 29 ± 9% and ∼ 40 ± 9% for search radii of 7.5 and 10 , respectively). By comparing these results with Fig. 2 , we conclude that this relatively large chance coincidence probability is mainly driven by the fainter, more numerous stars in the OB-star locus. Instead for the earlier spectral types the chance coincidence probability is considerably lower. In Fig. 3 we present the normalized chance coincidence probability for OB stars as a function of the search radius.
Final source classification
In Table 5 we present the final classification of the X-ray sources listed in Table 1 . In particular, we list the X-ray source ID, name and XRB classification found in the literature, followed by the classification from this work (Columns 1 to 4, respectively 5 ). In Column 5 we give additional notes for each source. In summary, we classify the X-ray sources listed in the literature as HMXBs based on the photometric properties of their optical counterparts identified in this work. In total we revise the classification of 4 systems from being a member of the HMXB class to being an X-ray source with a late-type companion (their most likely counterpart falls on or above the Red Giant Branch on the V, B−V color-magnitude diagram). For other 12 X-ray sources, which are listed as confirmed or candidate HXMBs in the list of Liu et al. (2005) and for which we revise their classification, we propose a candidate Be-XRB nature, while for one additional source we are able to only classify it as an HMXB. Most importantly, we classify 2 sources (identified until Table 1 ). Only the matches shown in bold in Tables 2 -4 are presented. The counterpart of LXP 8.04 (source ID # 14) is not shown in this figure due its very blue B−V color (see discussion in Appendix A2). For sources with more than one optical match, we select as the most likely counterpart the one that is located in the region of least chance coincidence probability (c.f. Section 3.1.1). Magenta symbols indicate unambiguous matches and cyan symbols show the remaining sources for which such a choice is not feasible (in few cases, and based on arguments discussed in Appendix A, we mark with black diamonds the most likely matches among similarly likely associations). We also show (i) 500,000 randomly selected MCPS stars (listed in the catalog of Zaritsky et al. (2004) now only as HMXBs) as supergiant XRBs (SG-XRBs), bringing the total number of known SG-XRBs in the LMC to four (i.e. doubling the currently known number), which makes them significant enough as a class to be studied further on their own. These sources are discussed in detail in Appendix A. In Table 6 (Column 1) we summarize our results by presenting the number of sources in the LMC for the different XRB types (Be-, SG-, pulsar-, e.t.c.), found in the literature and revised in the present work (Columns 2 and 3, respectively).
The metallicity of young stellar populations in the Magellanic Clouds
Metallicity is a key parameter that determines the evolution and physical parameters of stars and binary stellar systems (e.g., Belczynski et al. 2008 , Linden et al. 2010 , Fragos et al. 2013 . The generally used values of the Magellanic Clouds' metallicities are Z LMC ∼ 1/2.5 Z and Z SMC ∼ 1/5 Z . For Z = 0.0134 (Asplund et al. 2009 ), these correspond to Z LMC ∼ 0.005 and Z SMC ∼ 0.003 (while assuming Z = 0.02, they would be Z LMC ∼ 0.008 and Z SMC ∼ 0.004).
As a by-product of this work, we compiled a list of metallici- there is a 3% chance coincidence probability for the matches found within 5 from the X-ray source position, while this probability increases to 18% when found within 10 . ties for young stars in the Magellanic Clouds. We first examined the metallicity of B-type stars 6 (i.e. stars with ages up to ∼50 Myr), and then we investigated the metallicity of young (< 100 Myr) clusters.
In Table 7 we present the Fe abundances found in the literature for B-type stars in the LMC, compared to those for the same type of objects in the SMC, SMC Wing, and the Magellanic Bridge areas (Column 1). To the best of our knowledge, the studies used here are the most comprehensive ones in which an Fe abundance is presented for these spectral-types. Systems for which there were no available Fe abundances are excluded from Table 7 . In Column 6 Ideally, of course, we would like to have information about the metallicity of the particular companion stars -in other words, of the known counterparts of the studied HMXBs -or of regions as close as possible to their location. However, the vast majority of the companions are Be-stars, which as broad-line stars are not used in metallicity studies.
2 we list the name of the B-type star studied, in Columns 3 and 4 its Right Ascension and Declination (J2000.0), and in Columns 5 and 6 its spectral type and [Fe/H] abundance (followed by the corresponding references in parenthesis), respectively. The Z/Z and Z values are derived using Z/Z = 10 [Fe/H] (e.g., Russell & Dopita 1992) and Z = 0.0134 (Asplund et al. 2009) (Columns 7 and 8, respectively) . The estimated mean Z values are: ∼ 0.007 ± 0.003 for the LMC, ∼ 0.003 ± 0.002 for the SMC, ∼ 0.001 for the SMC Wing, and ∼ 10 −4 for the Magellanic Bridge. We note though the following caveats that apply to this compilation: (a) these are measurements for B-type stars, i.e. non Be-stars 6 , (b) most of them are supergiant stars (for example, in the LMC only 3 out of 17 stars presented in Table 7 are III-V luminosity class stars), in contrast to the majority of the companions of the HMXBs in the Magellanic Clouds which are main-sequence stars (see Table 6 ), and (c) most of them are stars in clusters of particularly young ages (only few Myr old), while the formation of the HMXBs, in the SMC at least, shows its peak at ages as old as ∼ 25 − 60 Myr (this is less of a concern for the LMC; see Section 4.1).
In order to obtain a more complete picture of stellar metallicities in a broader age range, in Table 8 we present the ages and Fe abundances of young (<100 Myr) star clusters in the Magellanic Clouds compiled from an extensive literature search. Since there are multiple, often contradictory, values for the age and metallicity of star clusters in the Magellanic Clouds reported in the literature, mainly due to the different methods used for their derivation, we opted to use the metallicity and age of the clusters listed only in [HZ09], which is the largest homogeneous compilation of cluster parameters (only the data for the NGC2100 and NGC1818 clusters are taken from different works). This list contains 85 star clusters, which is an adequate number for a comparison of the average metallicities of young stellar populations in the Magellanic Clouds. In Columns 1 and 2 we list the galaxy and star cluster names (24 in total for the LMC and 9 in the SMC). The age, [Fe/H], Z/Z and Z values are given in Columns 3, 5, 7 , and 9, respectively (followed by their errors in Columns 4, 6, 8, and 10, respectively). The reference from where most data are taken is given in Column 11. When the Z/Z (and/or Z) values were not available in the literature, we used the Z/Z = 10 [Fe/H] relation and Z = 0.0134 (Asplund et al. 2009) . From the data of Table 8 we estimate mean Z values of: ∼ 0.006 ± 0.002 for the LMC, and ∼ 0.003 (with < 0.001 standard deviation) for the SMC, in good agreement within the errors with the values derived from the B-type stars above.
THE STAR-FORMATION HISTORY OF THE LMC
[HZ09] presented the detailed spatially resolved star-formation history map of the whole galaxy (8.5°× 7.5°) in 24 × 24 cells (each cell was further subdivided into a 2 × 2 grid of subregions with >25,000 stars) by utilizing the MCPS survey ). This study focused on the structure of the LMC, and on the recent episodes of enhanced star-formation activity (younger than ∼100 Myr). More recently, also Indu & Subramaniam (2011) studied the recent star-formation history of both Magellanic Clouds, and found peaks in the star-formation activity of the LMC at 0-10 Myr and 90-100 Myr, and at 0-10 Myr and 50-60 Myr in the SMC, in broad agreement with [HZ09] and [HZ04], respectively. At ∼40 Myr ago, which is the age of the regions in the SMC that host the largest number of HMXBs (Antoniou et al. 2010) , the SFR for the entire LMC is ∼ 0.25 +0.15 −0.10 M yr −1 (derived from its integrated star-formation history as presented in Fig. 11 of [HZ09] ). At the same epoch the SFR of the SMC is ∼ 0.30 Fig. 19 in [HZ09] ; note that based on this figure, the maximum SFR value in the SMC is at least 0.85 M yr −1 ). In order to derive the star-formation history of the Magellanic Clouds, [HZ09] and [HZ04] have fitted the color-magnitude diagrams with stellar populations of 4 and 3 different metallicities for the LMC and the SMC, respectively. Throughout this work we are using the star-formation history for the highest metallicity populations (Z = 0.008), which is the most relevant for the young stellar populations, and in agreement with the average metallicity of LMC stars discussed in the previous section. Since the above SFRs in the two Magellanic Clouds are comparable (within the errors), one would expect to find not too different numbers for the same types of XRBs in the two galaxies.
Star-formation history and young XRB populations in the LMC
In order to investigate the link between stellar and XRB populations, we follow the procedure described in Antoniou et al. (2010) Table 5 . Since the HMXBs presented in this work have been identified by many different X-ray observatories (from ROSAT to XMM-Newton, Swift and INTEGRAL), without any of them having performed a complete survey of the whole galaxy so far, we opted to derive the star-formation history only for the MCPS region that contains each HMXB, and not for the whole field of view of each X-ray satellite in each case. The SFR errors are derived based on the upper and lower confidence intervals given by [HZ09], while when more than one HMXBs fall in the same MCPS region, we weight the SFR by the number of encompassed X-ray sources in each region. We repeat this exercise for regions in the LMC hosting each of the following source classes: 14 X-ray pulsars, 4 SG-XRBs, 1 BH-HMXB (the only known within the area covered by MCPS), 40 HMXBs, 17 candidate Be-XRBs, and 1 WD/Be-XRB that have been so far identified (Table 5 ). For comparison, we also derive the star-formation history of the MCPS region in the SMC (which also has a ∼ 12 × 12 size; [HZ04]) that hosts the 1 candidate WD/Be-XRB.
In Fig. 4 we present the average star-formation history of regions in the LMC with: confirmed Be-XRBs (top left); X-ray pulsars (bottom left); SG-XRBs (top right); and LMC X-1 (the only BH-HMXB with MCPS coverage; bottom right). Similarly, in Fig.  5 we present the average star-formation history of regions in the LMC with: all HMXBs (top left); candidate Be-XRBs (i.e. based on photometric properties, but still lacking an optical spectroscopic identification; bottom left); candidate WD/Be-XRBs in the LMC and SMC (top and bottom right panels, respectively).
We find that the star-formation history in regions associated with the different XRB types is strongly peaked at the following ages:
(a) ∼6.3 Myr for all known HMXBs, HMXBs without a BH or WD compact object, the candidate Be-XRBs, the SG-XRBs, and the BH-HMXB;
(b) ∼12.6 Myr for all the confirmed Be-XRBs, the confirmed Be-XRBs with a NS compact object, and the X-ray pulsars; and (c) ∼25.1 Myr for the candidate WD/Be-XRB in the LMC. In contrast the candidate WD/Be-XRB in the SMC lies in a region with a star-formation peak at ∼42.2 Myr.
A comparison of the total SFR for the Magellanic Clouds at the above ages shows that at ∼10 Myr the SFRs are ∼ 0.43 Myr and ∼25 Myr the SFR is higher in the LMC, while for older star-formation episodes (∼40 Myr) it is higher in the SMC.
DISCUSSION
In the previous sections we presented a comprehensive compilation of all known X-ray binaries associated in the LMC. By comparing them with stellar catalogs of the LMC we updated and completed their optical classifications. Based on these results we identified the main star-formation episodes in the history of the LMC that are associated with its HMXB populations. In this section we discuss these results in the context of the formation efficiency of HMXBs, and their nature in comparison with the SMC and our Galaxy.
Star-formation history of young XRBs in the Magellanic Clouds
Below we discuss the major findings of this work and we compare them with the results for the young XRBs in the SMC (c.f. Antoniou et al. 2010): (a) In contrast to the SMC, the confirmed Be-XRBs and (as expected) XRB pulsars in the LMC are related to a major starformation burst ∼ 6 − 25 Myr ago (as a reminder, the SMC BeXRBs are present in regions with star-formation bursts at ∼ 25 − 60 Myr ago), indicating younger Be-star populations in the LMC than in the SMC regions (also obvious from the position of the counterparts on the V, B − V color-magnitude diagram as discussed earlier in Section 3.1).
(b) The SFR of the major burst associated with the confirmed Be-XRBs and the X-ray pulsars in the LMC is almost 3 and 2 times, respectively, higher than that in the SMC.
(c) the candidate Be-XRBs show a star-formation episode that started earlier than 12.6 Myr ago, which is similar to the starformation episode for the confirmed Be-XRBs (although the latter is more centered around ∼ 12 Myr). The fact that the peak of the star-formation episode associated with the candidate Be-XRBs is at ∼ 6 Myr suggests that this population may include misclassified SG-XRBs, since the latter are expected to be abundant at these young ages due to their massive companions. This is the first hint for a significant SG-XRB population in the LMC (we already know 4 such systems), at least in comparison to the SMC where only two systems are known to date: SMC X-1 (Webster et al. 1972 ) that is not covered by the MCPS survey, and source CXOU J005409. 57-724143.5 (Maravelias et al. 2014 ; although the nature of this source is debated; Clark et al. 2013) . From Fig. 5 we also see that there is another star-formation episode ∼100 Myr ago at the regions associated with candidate Be-XRBs. However, the association of this peak with the observed XRB populations is ruled out by the location of their optical counterparts in the OB locus of the colormagnitude diagram ( Fig. 1) , since the least massive B-type stars have a main-sequence lifetime of less than 100 Myr.
(d) the five regions that host the 4 known SG-XRB and LMC X-1 (the one BH-HMXB in the LMC with MCPS coverage) show a peak in their star-formation history at even younger ages ( 10 Myr), as expected based on the more massive companions (i.e. shorter lifetimes) of these XRB types. This is also supported by the location of their counterparts on the color-magnitude diagram ( Fig. 1 ; they are systematically younger than 10 Myr). As a note, no BH-HMXB has been found in the SMC yet.
(e) We also examined the star-formation history of the regions in which two of the most promising detections of WD/Be-XRBs have been made. For the LMC WD/Be-XRB (source XMMU J052016.0-692505 with L X > 10 36 erg s −1 ; Kahabka et al. 2006 ), the peak in its star-formation history is shifted to older ages (∼11-40 Myr) with respect to the NS/Be-XRB population in this galaxy. We observe a similar trend in the SMC (source XMMU J010147.5-715550 with L X ∼ 3 × 10 34 erg s −1 ; Sturm et al. 2012a) , though the star-formation burst in this case is wide (it appears at ∼32-141 Myr ago). We note that in this analysis we have not included the second discovered WD/Be-XRB in the SMC (MAXI J0158-744; Li et al. 2012) , since this system is located in the SMC Wing, which is not covered by the MCPS survey, thus there is no information on its star-formation history.
Formation efficiency for the various XRB types
In order to measure the formation efficiency of XRBs we need first to associate them with an individual star-formation episode. The location of the optical counterparts of the X-ray sources on the color-magnitude diagram clearly links them with stellar populations younger than ∼50 Myr, which associates them with the star-formation episode peaking at ∼10-30 Myr, depending on the exact star-formation history at the location of different XRB populations ( The number of systems in each class of XRBs is given in Table 9: Column 1 lists the XRB types considered in each calculation, while Column 2 gives the number of objects. Column 3 lists the age of the peak of their maximum SFR 8 , while Column 4 presents its estimated duration (in this we take into account that the starformation episodes started before reaching their maximum intensity at the time given in Column 3), and Column 5 gives the SFR at the peak of each episode. In Column 6 we list the number of MCPS subregions (each 12 ×12 [HZ09]) used for the derivation of the average star-formation history of regions with different XRB types (as these are given in Columns 1 and 2). In the same table, we also list the formation efficiency for each class of objects with respect to the SFR at the peak of the star-formation episode they are associated with. In particular, in Column 7 we list the number of systems we observe today per unit SFR at the peak of the SF episode, and in Column 8 the required SFR for the production of 1 system for each class. We note that we derive a formation efficiency only for those XRB populations for which we can establish a strong correlation with a particular star-formation episode. In addition, we estimate the number of XRBs normalized by the stellar mass M formed during the star-formation episode that produced them. We calculate the total M by integrating the binned star-formation histories shown in Figs. 4, 5. The formation rate of XRBs per unit stellar mass formed during their respective SF episode is given in Column 9. The errors in this quantity reflect the upper and lower limits of the SFR in Figs. 4, 5. For the SMC we have found that we need a SFR of ∼ 3 (2.5)×10
−3 M yr −1 for the production of one Be-XRB (HMXB) at ∼40 Myr after a star-formation episode (Antoniou et al. 2010) . In the present work we find that:
(a) the production of NS/Be-XRBs and HMXBs in the LMC (∼ 21.4 × 10 −3 M yr −1 and ∼ 43.5 × 10 −3 M yr −1 , respectively; Table 9 ) is ∼ 7 and ∼ 17 times less efficient than the production of the same populations in the SMC (with respect to their parent star-formation episodes, i.e. at ∼12.6 Myr and ∼42.2 Myr, respectively).
(b) based on the SFR of the SMC at the age of ∼10 Myr (∼ 0.33 Barragán et al. 2009; CI Cam: Belloni et al. 1999 GX301-2: Ricker et al. 1973 , Islam & Paul 2014 , and (b) the SFXTs, which have short (less than few hrs long) outbursts and low-level quiescent X-ray emission (L X ∼ 10 32 − 10 34 erg s −1 ; Section 1). However, this population is not expected to be easily detectable in Chandra and XMM-Newton surveys of the Magellanic Clouds. Given that this calculation is based on rescaling the numbers of SG-XRBs detected in the LMC to the SMC, both of which have been surveyed with similar strategies, we would not expect that the discrepancy between observed and estimated number of SG-XRBs in the SMC is the result of selection effects or missing populations as these would influence the SMC and the LMC in similar ways. Therefore, we consider that this discrepancy could be the result of a strong metallicity dependence of the XRB formation efficiency at least in the case of SG-XRBs.
(c) Based on the same argument, the SFR of the SMC at 25 Myr (∼ 0.15
+0.70
−0.10 M yr −1 ; Section 4.1), and the formation efficiency of the LMC WD/Be-XRBs at this age (390.3 systems/(M /yr); Table 9 ), we predict ∼ 59 SMC WD/Be-XRBs. However, thus far only one system has been identified as a candidate WD/Be-XRB in the LMC (Section 4.1), also pointing to a strong metallicity dependence.
Previous studies
Two other works discuss in some detail the link between young X-ray source populations and recent star formation:
- used archival XMMNewton data to study the X-ray source population of the LMC. They found significant field-to-field variations of the HMXBs in the LMC, which are not correlated with differences in their FIR or H α emission, hence they suggest that these differences are due to the age dependence of the HMXB population. This is in good agreement with our work, which also shows differences in the types of XRBs and their formation efficiency as a function of age. Furthermore, they estimated that the number of HMXBs per total stellar mass to less than 10 −4 M −1 at ages ∼1-2 Myr, and (1.00 ± 0.45) × 10 −4 M −1 at ∼10-12 Myr. This is a factor of ∼70 lower than the formation efficiency listed in Table 9 . This difference however is the result of the more complete census of HMXBs used in the present work, and the different assumptions in the calculation of the total stellar mass in the two works.
-On the other hand, Williams et al. (2013) found that the preferred age of HMXBs in NGC 300 and NGC 2403 is 40-55 Myr, which is the same age in which HMXBs are observed in the SMC. Although these galaxies have metallicities higher than that of the SMC, the remarkable similarity of the ages of the stellar populations in which the HMXBs are observed in the SMC, NGC 300 and NGC 2403, make the argument for increased HMXB formation efficiency at an age of ∼40 Myr even stronger.
Spectral-type distribution of LMC HMXBs
Moreover, we investigated differences in the spectral-type distribution of Be-XRBs, HMXBs with OB companions (i.e. non-Be stars), and Be stars and OB stars not associated with XRBs in the LMC. In Table 1 ). In this figure, spectral type IDs from 0 to 9 correspond to O-type stars, and IDs from 10 to 19 correspond to B-type stars. We find that the peak of the spectral-type distribution of the LMC Be-XRBs is around B0 and that of LMC Be stars around B1, in agreement with previous studies which have used smaller sample sizes (e.g., Negueruela & Coe 2002 , Antoniou et al. 2009a ).
For completeness, we note here that the peak of the spectraltype distribution of the SMC Be-XRBs is instead around B1, but based on the two-sample Kolmogorov-Smirnov (K-S) test, it is not possible to definitely say if the SMC Be-XRBs follow a different spectral-type distribution from Galactic and LMC Be-XRBs (Antoniou et al. 2009a) . This is consistent with McBride et al. (2008) , who note that there is indication for similar distributions in the SMC and the Milky Way. They find a spectral distribution cutoff for the SMC Be-XRBs around B2, but Maravelias et al. (2014) find that the spectral-type distribution is skewed towards later spectral types (actually, they identify several systems within the B2 to B5 spectral-type range). On the other hand, the SMC Be-star population peaks at earlier spectral types (i.e. at B0), in contrast to the LMC, where it peaks at later spectral types (∼B1) than the BeXRBs (∼B0). The main caveats in these comparisons are the (large in many cases) uncertainties in the spectral-type classification, the small size of the LMC samples, and a possible selection effect towards brighter targets in the optical, thus earlier spectral types.
The young parent stellar populations of the LMC X-ray pulsars
From the above analysis, perhaps one would find surprising that the LMC X-ray pulsars are associated with a star-formation episode at such a young age, i.e. at only ∼12.6 Myr (if not younger; see Fig. 4 and Table 9 ). The obvious question then is: could an X-ray pulsar form in such a short period? The answer to this question is not straightforward. Nevertheless, we approach this based on simple arguments regarding the age of the optical companions of these systems. Out of the 14 X-ray pulsars, 9 have known spectral types (Table 1) . Of those, 8 have a late-type Oe or early-type Be star companion (only LMC X-4 with a pulse period of 13.5 s has an O7III-V/O8III counterpart, i.e. it has not shown Hα in emission). On the other hand, we know that the LMC HMXBs with Be-star companions show a peak in their spectral-type distribution at B0 (Fig. 6) , and that the main-sequence lifetime can be simply estimated as:
(1) Table 1 ), respectively. Due to the small number of known HMXBs, the distributions (d,e) have been rescaled by a factor of 5.
using t ∼ 10 Gyr. Thus, a B0 V star (having a mass of 14.6 M ; see Table 10 ) has t MS ∼ 12.3 Myr, while the lifetime of a blue supergiant is 1 Myr (Table 4 .1 from the PhD thesis of Chiţǎ 2011). This main-sequence lifetime of 12.3 Myr is very similar to the age of the peak of the star-formation history of the stellar populations associated with Be-XRBs and the X-ray pulsars in the LMC (see Figs. 4 and 5) . We note that the Be stars can appear at ages even younger than 10 Myr. They have been observed in Magellanic Clouds clusters -NGC 346 and NGC 371 in the SMC and LH 72 and NGC 1858 in the LMC-with ages as young as ∼5-8 Myr (Wisniewski et al. 2007 ). Thus, although one would expect to mainly find SGXRBs or BH-XRBs at that young ages based simply on their more massive companions 9 , there is evidence that the Be-XRB pulsars in the LMC can be as young as ∼10 Myr. Belczynski et al. (2008) find that a NS forms from stars with zero-age main sequence (ZAMS) masses between ∼7.5 M and ∼21 M (though we note that these estimations are based on single stellar evolution and solar metallicity). From Table 10 we see that this mass range corresponds to a main-sequence lifetime of ∼5 Myr to ∼100 Myr. Therefore, XRB pulsars can indeed form at such young ages. 
Supernova kick velocities of LMC HMXBs
In order to estimate the kick velocity imparted onto the compact object at the time of its formation as a result of an asymmetry in the SN explosion, we follow the approach of Coe (2005) that was applied to the HMXB population of the SMC. We first derive the traveled distance of the HMXBs since their birth by using the mean offset between each X-ray source from Table 1 and its nearest star cluster. The catalog of Werchan & Zaritsky (2011) (hereafter [WZ11] ) contains 1,066 clusters from the MCPS survey. All known LMC HMXBs but LMC X-3 are also covered by this survey. For the 38 non-BH or -WD HMXBs of this work (see Table 5 ), we find a mean offset of 6.4 ± 3.6 (∼ 92.0 ± 52.4 pc assuming a distance to the LMC equal to ∼50 kpc; Macri et al. 2006) , with the minimum distance equal to 1 and the maximum equal to 16.7 (in the cases of HMXBs and HMXBs with neutron stars exclusively these distributions are bimodal; Fig. 7 ). All reported error values are the standard deviations of the distribution of offsets. On the other hand, the 15 confirmed Be-XRBs and the 14 confirmed X-ray pulsars have a mean offset of 5.5 ± 3.7 and 5.0 ± 2.5 , respectively (we consider the two classes separately since not all Be-XRBs have been identified as pulsars, and not all pulsars have been associated with spectroscopically confirmed Be stars).
From these offsets we can calculate the kick velocities imparted on the neutron star if we have an estimate of the travel time (e.g., Zezas & Fabbiano 2002; Coe 2005) . The travel time is equal to the time since the supernova explosion. The spectral-type distribution of our stars peaks at B0 (Section 5.4), which corresponds to a star with a mass of 14.6 M and thus a main-sequence lifetime of ∼ 12.3 Myr (Table 10 ; Williams 2011). The earliest time that pulsars are produced is given by the most massive stars that can produce compact objects with masses 3 M . These are ∼ 21 M stars (Belczynski et al. 2008) , which have a main-sequence lifetime of ∼ 5 Myr (Section 5.5). Therefore, the minimum travel time is ∼ 7.3 Myr. Here we take into account the fact that the Be phenomenon appears towards the end of the main-sequence lifetime of a B-type star (e.g., Fabregat 2003) . If Be stars are younger, then the estimated velocities are even larger. Combining this with the mean offset of 6.4 ± 3.6 found above, we estimate a transverse velocity of ∼ 12.4 ± 7.0 km s −1 (or a space velocity √ 2 times larger) for the HMXBs in the LMC (excluding the BH or WD systems). The confirmed NS/Be-XRB population in particular travels distances equal to 5.5 ± 3.7 at the same time, resulting in a transverse velocity of ∼ 10.8 ± 7.3 km s −1 . Similarly, the LMC X-ray pulsars travel 5.0 ± 2.5 with a transverse velocity of ∼ 9.7 ± 4.9 km s −1 . We also investigate whether the positions of HMXBs in the LMC are significantly different from a uniform distribution. For this reason, we have estimated the minimum distance between 100,000 random points drawn from a uniform distribution in R.A., Dec., and in each case, the nearest star cluster (similarly to Coe 2005) . The mean value was found to be equal to 4.4 ±1.4 . Then we used the Kolmogorov-Smirnov (K-S) test to quantify the probability that the distributions of the offsets between the HMXBs and the real clusters in one case, and the random positions in the LMC and the clusters in the second case are different. We find that the two distributions are different at >99.95% confidence level. However, for the smaller samples (X-ray pulsars and Be-XRBs) the results from the K-S test are inconclusive.
In order to compare these results with those for the SMC, we follow the same approach. Coe (2005) has estimated a mean distance of 3.85 between the HMXBs in the SMC and their nearest clusters, and assumed a maximum lifetime of the Be star after the formation of the neutron star of ∼ 5 Myr. We thus estimate a transverse velocity of ∼ 13.1 km s −1 (by using that 1 corresponds to 17.4 pc at the 60 kpc distance to the SMC; Hilditch, Howarth, & Harries 2005) . On the other hand, if we take into account the fact that the peak of the spectral-type distribution of the companions of SMC HMXBs appears at B1 type that corresponds to an 11 M mass and a main-sequence lifetime of ∼ 24.9 Myr, we estimate a minimum travel time of ∼19.9 Myr. In this case, the SMC HMXBs have a transverse velocity of 3.3 km s −1 , or equivalently the LMC HMXBs travel with up to ∼4 times larger velocities than their SMC counterparts.
On the other hand, the Milky Way Be-XRBs have low runaway velocities (mean peculiar tangential velocity equal to 15 ± 6 km s −1 ), indicating low masses ejected into the supernovae that formed the neutron stars ( 1-2 M ) and kick velocities received by their neutron stars at birth in the range of 60 − 250 km s −1 (van den Heuvel et al. 2000) . These velocities are in broad agreement with the transverse velocities for the LMC neutron star accreting binaries estimated above. However, the SMC systems seem to have even smaller velocities, which is consistent with enhanced fraction of electron-capture supernovae that impart very small kicks, as predicted by Linden et al. (2009) for the SMC metallicity.
Furthermore, we also examine the mean offset of the identified HMXBs from the nearest young star cluster as a function of the cluster's age. In this comparison we used the catalog of Baumgardt et al. (2013) (hereafter [B13] ), which provides age information for a large number of star clusters in the LMC. About one third of the 320 clusters in the [B13] catalog has ages younger than or equal to 100 Myr (with a mean age of 52 ± 28 Myr). If we focus on these 99 young clusters, we find that the 38 non-BH or -WD HMXBs have a mean offset of 16.8 ±13.9 , which is more than double the distance derived using the [WZ11] catalog. The large standard deviation is the result of few systems having very large offsets (which is expected since this catalog is sparser than [WZ11]). The other two subsets, the confirmed NS/Be-XRBs and the X-ray pulsars, have offsets of 16.6 ± 17.5 and 12.8 ± 15.3 , respectively. In Fig. 8(a) we present the mean separation (in arcminutes) of all HMXBs (excluding those systems with BH or WD compact objects), the confirmed NS/Be-XRBs and only the X-ray pulsars (red circles, blue squares, and green triangles, respectively) from the nearest young star cluster (with an age ≤100 Myr) listed in [B13] catalog as a function of the cluster's age. The size of each data point is proportional to the relative error on the number of the identified matches in each age bin, while the x-axis error-bars are equal to half the age bin. Similarly, in Fig. 8(b) we give the number of the identified matches as a function of the age of the cluster, following the color scheme of Fig. 8(a) . In this case, the data points have sizes proportional to the relative error on the separation. We find that the majority of the X-ray sources reside nearby a cluster with age (20, 40] Myr (∼61%, ∼67% and ∼79%, for the HMXBs without BH or WD compact objects, the confirmed NS/Be-XRBs and the X-ray pulsars, respectively). Although the star-formation history of the regions associated with X-ray pulsars shows its peak at younger ages (∼12.6 Myr; see Table 9 ) than the 30 Myr peak in Fig. 8 , the major star-formation burst has a duration of ∼32 Myr, well within the (20,40] Myr age range. The mean separation of the aforementioned 3 populations at the (20,40] Myr age range is 15.5 ± 12.2 , 10.1 ± 9.8 , and 10.4 ± 9.4 , respectively.
Corbet diagram
An updated version of the "Corbet diagram" (Corbet 1984) , i.e. a log-log plot of the spin period versus the orbital period, of X-ray pulsars with Be and SG stars donors is shown in Fig. 9 . The position of sources in this diagram depends on the accretion torques exerted into the NS, resulting in the division of the sources in 3 groups corresponding to 3 different mass-transfer mechanisms (Corbet et al. 2009 ). When the primary is a Be star, the accretion occurs through the star's decretion disk, but when it is a SG star, the accretion can happen either through stellar winds (wind-fed systems) or through Roche-Lobe overflow (RLOF) if the star fills its Roche Lobe. The 8 LMC, 38 SMC and 20 Milky Way Be-XRBs with known P spin and P orb values are shown in red, green and blue circles, respectively, while the 10 Milky Way wind-fed SG-XRBs in yellow triangles. There are also 3 RLOF systems (Cen X-3, LMC X-4, and SMC X-1) shown in black squares. The data for the LMC are taken from the references listed in Table 1 , while those for the SMC and the Milky Way from the compilations of Klus et al. (2014) and Townsend et al. (2011) , respectively. We see that all but one of the LMC BeXRBs have orbital periods of less than ∼30 days. Only LXP96.1 (source RX J0544.1-7100) has a much larger orbital period of 286 days. Similarly, all but one of the LMC Be-XRBs have spin periods longer than ∼4 sec. Only LXP0.07 (source RX J0535.6-6651) is known to have a 70 millisecond spin period (in the Milky Way there are 2 systems with such short spin periods). Although the number of known LMC Be-XRB systems is small, all identified members fall within the locus of the SMC and Milky Way Be-XRBs. In the same plot we also show the location of the apparent dips in the bimodal log(P spin ) and log(P orb ) distributions of Be-XRBs (dashed lines), as identified by Knigge et al. (2011) , and subsequently confirmed by Coe & Kirk (2015) . These authors associate those sub-populations (also distinct in the log(P spin )-eccentricity plane) with 2 types of supernovae: electron-capture supernovae systems are thought to produce short spin and orbital periods and low eccentricity (imparting smaller kick velocities to the neutron stars), while iron core-collapse supernovae are thought to be responsible for higher eccentricity systems with slightly higher neutron star masses. We find that most of the known LMC Be-XRBs fall on the bottom left part of this diagram, i.e. pointing to electron-capture supernovae, in agreement with the small estimated center of the mass velocities for these systems. However, the lack of LMC Xray pulsars at the top right part of the "Corbet diagram" could be the result of a selection effect: it is easier to detect orbital periods of a few weeks than several months or years, and spin periods of a few seconds than ∼ 100 sec. In contrast, Linden et al. (2009) have found that electroncapture supernovae are highly associated with the production of Be-XRBs for the SMC metallicity, so if the argument of Knigge et al. (2011) holds then one would expect to find the majority of the SMC Be-XRBs on the lower-left quadrant of the "Corbet diagram". Instead, Fig. 9 shows that less than half of the systems are located in the lower-left quadrant with respect to long spin and orbital period systems. On the other hand, Cheng, Shao, & Li (2014) proposed that the bimodal P spin distribution is most likely due to the difference in the accretion modes of the NSs in the Be-XRB systems. They also note that the two types of supernovae can affect the spin evolution of the NS through the configuration of the decretion disk of the Be star. Recently, Haberl & Sturm (2015) used the most complete census of HMXBs in the SMC to investigate which mechanism is responsible for the bimodal P spin distribution. They found larger long-term X-ray variability for sources with short spin periods, thus favoring the accretion model of Cheng, Shao, & Li (2014) as an explanation of the bimodal P spin distribution of Be-XRBs.
SUMMARY
In this work, we present an up-to-date list of HMXBs in the LMC. Using the MCPS survey ) and extensive Monte Carlo simulations, we identify the most likely counterpart of X-ray sources identified in previous X-ray surveys of the LMC and estimate their chance coincidence probability. In particular, we classify 40 such systems, further divided in 33 Be-XRBs, 4 SG-XRBs and 3 sources for which we could only assign a broad HMXB class. In addition, we revise the classification of 4 X-ray sources listed in the literature as (candidate) HMXBs to non-HMXB systems. As a byproduct of this work, we compiled a list of metallicities available for young OB-type stars in the Magellanic Clouds.
Using the spatially resolved star-formation history map of the LMC by [HZ09], we investigate the link of star formation and young XRBs. We find that the star-formation history is strongly peaked at ∼6.3 Myr for regions hosting HMXBs, SG-XRBs, and the one BH-HMXB (LMC X-1) with MCPS coverage; at ∼12.6 Myr for the NS/Be-XRBs and X-ray pulsars; and at ∼25.1 Myr for the candidate WD/Be-XRB. We find that the age of the stellar populations in regions associated with pulsars in the LMC is much younger than the age of the same population in the SMC (25 − 60 Myr; Antoniou et al. 2010) . Similarly, the age of the stellar populations associated with the only WD/Be-XRB in the LMC is younger than the age of the same population in the SMC (∼42.2 Myr). Thus, this study (in combination with previous works; e.g., , Antoniou et al. 2010 , Williams et al. 2013 ) reinforces the idea that the HMXBs are associated with young stellar populations of ages ∼ 10-40 Myr.
Comparing the SFR at the peak of the star-formation episode associated with the NS/Be-XRBs (HMXBs) sources in the LMC and the SMC, we find that their production rate in the LMC is almost 7 (17) times lower than that in the SMC. In particular, we find a production rate of 1 system per ∼ 21.4 × 10 Table 9 ), both at the age of ∼25 Myr, we predict ∼ 59 SMC WD/Be-XRBs. Although the fact that nowadays we know only one candidate WD/Be-XRB in the LMC points to a strong metallicity dependence, in order to investigate the formation channels of the WD/Be-XRB systems and to constrain their evolutionary models, many more such systems need to be identified first.
Furthermore, we find a peak at the spectral-type distribution of the LMC Be-XRBs at around B0, in agreement with previous studies (e.g., Negueruela & Coe 2002 , Antoniou et al. 2009a , which have used smaller sample sizes.
We have also examined the mean offset of the identified HMXBs from the nearest young star cluster as a function of the cluster's age (using the [B13] catalog; Baumgardt et al. 2013) . We find that the majority of the (a) HMXBs without BH or WD compact objects, (b) the confirmed NS/Be-XRBs and (c) the X-ray pulsars reside near a cluster with age between 20 − 40 Myr, while we find almost equal numbers of X-ray pulsars in the 20 − 30 Myr and 30 − 40 Myr age bins.
In addition, using the [WZ11] catalog (Werchan & Zaritsky 2011) , we find that the 15 confirmed NS/Be-XRBs (14 confirmed X-ray pulsars) have a mean offset of 5.5 ± 3.7 (5.0 ± 2.5 ) from their nearest cluster, respectively. Assuming a minimum pulsar birth timescale of ∼5 Myr after the burst and an elapsed time of ∼7.3 Myr since the kick imparted onto the neutron star during the supernova explosion for a B0 star, we estimate a transverse velocity of ∼ 10.8 ± 7.3 km s −1 (∼ 9.7 ± 4.9 km s −1 ) for the NS/Be-XRBs (X-ray pulsars) in the LMC. In addition, the 38 HMXBs without BH or WD compact objects have a mean offset of 6.4 ± 3.6 , thus resulting in transverse velocities of ∼ 12.4 ± 7.0 km s −1 . Following the same approach in the case of the SMC, we find that SMC binaries have up to ∼4 times smaller transverse velocities (estimated assuming an elapsed time of ∼19.9 Myr for a B1 star and the same minimum pulsar birth timescale). [2] [3] [4]
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HMXB (22)
Notes -The Right Ascension is given in h m s, the Declination in • , the pulse period P pulse in seconds, and the orbital period P orb in days. References are given in parenthesis and are listed below. Based on the literature as of Dec. 2014. † This is the classification presented in the literature. In this work, we re-classify some of these sources and the final classification is given in Table 5 . New counterparts for these X-ray sources are identified in this study. This pulse period is not taken into account in the present work; see comments on last paragraph of Introduction and footnote #4.
• These sources have been re-classified as non-HMXB systems. Positional uncertainty in Right Ascension, followed by that in Declination. ‡ We believe this source was erroneously related to 1RXS J054450.0-663445 . The same correlation appears in the Simbad database too. In particular, this ROSAT All Sky Survey Faint Source is approximately located at 4.1 and 3.6 from the X-ray ((R.A., Decl.) B1950.0 =(05:44:11.5, -66:35:24.0) with 60 positional uncertainty) and optical ((R.A., Decl.) B1950.0 =(05:44:15.6, -66:34:59.0) with a 3 positional uncertainty of the optical match) positions, respectively, thus we propose that these are 2 different sources. Stevens et al. (1999) [2] [3] [4]
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[ ellipsoidal variable and a close binary system that is a source of strong, variable X-ray emission.
Src 37: extended objects SNR0540-69.7 (Supernova remnant) and LMC-N159F (Nebula w/probable embedded cluster) at 4.0 and 4.8 , respectively (Bica et al. 2008 );
2MASS objects J05393883-6944356, J05394007-6944337, and J05393990-6944413 at 3.69 , 4.42 , and 4.86 , respectively from X-ray position 
[14] 
[15] ... 
[ Table 2 , the most likely counterpart of each X-ray source is indicated in bold. Three dots indicate that an entry was not available in the MCPS catalog. Bright refers to stars with V 20 mag and B − V 0.2 mag. 2σ search radius corresponds to 10 from the X-ray source position.
X-ray sources, which do not appear in this table, do not have any bright optical match within 5 to 10 from their position. Their most likely counterpart is found either within 5 from the X-ray position (Table 2) or at larger than 10 distances (especially for those X-ray sources with larger than 10 positional uncertainties; see Table 4 ). An input "n" in Column 15 indicates a newly identified counterpart from this work, a "k" a known in the literature counterpart, and an "A" those counterparts that are discussed in the Appendix A. Additional identifications and notes for these sources follow below, which however by no means consist a complete list. Fariña et al. 2009 ) is the brightest match within the 2σ search radius around the well studied source LMC X-1, the known optical counterpart of this BH-HMXB is another object (i.e., the nearest and bluest match) within the 1σ search radius (shown in bold in Table 2 ). 
[ Table 2 , the most likely counterpart of each X-ray source is indicated in bold. Only X-ray sources with a probable optical counterpart in larger than 10 distances are shown in this table. For example, although HMXB #3 has an 11.1 positional uncertainty, it is not listed in this table, since its most likely optical counterpart is a match found using a search radius of 10 (i.e. listed in Table 3 ). Three dots indicate that an entry was not available in the MCPS catalog (see also general notes of Tables 2  and 3 ). Eleven sources have bright matches (V 20 mag and B − V 0.2 mag) in larger than 10 distances from the X-ray position. Two of those sources (HMXB#4 and #28 with 14.5 and 24.3 positional uncertainties, respectively) have an unambiguous counterpart even at those large distances. The remaining 9 sources have matches usually in both Tables 2 and 3 . Notes -References given in parenthesis are similar to those listed in Table 1 . New counterparts for these X-ray sources are identified in the present work. Notes -Each class includes confirmed and candidate systems. There is one source (LMC X-3) without MCPS coverage, thus we do not classify this system.
• With the present work we do not obtain info about the nature of the compact object, so we cannot classify any source as a BH-HMXB. For the one known BH-HMXB that there is MCPS coverage (LMC X-1; see Table 5 ), we only classify this X-ray source as an HMXB. We did not perform any timing analysis, so the number of known X-ray pulsars is the one found in the literature. (-dex) [1] [2] [3] [4]
[6] [7] [8] NGC346-637 (2) In the present study we use the revised value (Z = 0.0134).
• Defined as the difference between the weighted mean absolute abundances of Trundle et al. (2007) and the Fe abundance in the present-day solar photosphere (the latter is equal to 7.50 ± 0.04 from Asplund et al. 2009 ).
Heavy element depletion ([M/H]).
Original equatorial B1950.0 coordinates were transformed to J2000.0 using NASA/IPAC Extragalactic Database (NED; https://ned.ipac.caltech.edu/forms/calculator.html).
The SMC Wing is the area defined as −75.5°
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<0.60
<0.008
... , and Z = 0.0134 (Asplund et al. 2009 ). For few clusters, e.g., LMC systems NGC2100 and NGC1818, the values of age and [Fe/H] are taken from two different references. In these cases, we list both references in Column 11: the first one corresponds to the age and the second one to the [Fe/H] value.
•, In the original reference, Chiosi et al. (1995) give an age range (10-25 Myr and 10-48 Myr, respectively), while here we chose to list a mean age value along with its error (defined as half this age range). [2]
[6] [7] [8] Notes -The duration of the major star-formation burst (Column 4) refers to the total duration of the star-formation episode and it includes the period before it reached its maximum SFR (see Figs. 4, 5) . The number of MCPS subregions (Column 6; each 12 ×12 [HZ09]) denotes the total area used for the derivation of the average star-formation history of regions with different XRB types (as these are given in Columns 1 and 2). The formation efficiencies presented here (Column 7) are derived as the ratio of the total number of XRBs for each class of objects to the maximum SFR (for more details see Section 5.2). M is the total stellar mass produced on the specific SF burst episode. The errors in the N(XRBs)/M quantity (listed in Column 8) reflect the upper and lower limits of the SFR in Figs. 4, 5. † This peak is not associated with the particular XRB population (see Section 5.1). This non-symmetric SF burst was approximated by a Gaussian. ‡ Double-peak star-formation burst episode. The optical counterpart of this source has been spectroscopically classified by Cowley et al. (1997) as approximately a B1-type star. However, RX J0516.0-6916 has been listed in the literature as a candidate HMXB (i.e. HMXB? in Tables 1 and 5 ). Based on its B and V magnitudes and its position on the V, B − V color-magnitude diagram shown in Fig. 1 , we have identified here that this source may well be a Be-type star that when Cowley et al. observed it in 1997 did not show any emission (possibly observed during a diskloss episode). We thus classify this source as a candidate Be-XRB.
A2 RX J0520.5-6932 (source ID # 14)
None of the optical matches listed within 5 from the X-ray source position (in Table 2 ) has been presented in the literature. Although most of the reported coordinates for the optical match of RX J0520.5-6932 are compatible with the identified matches in this work, their photometric magnitudes are totally different, especially the B − V color. In particular, RX J0520.5-6932 has one bright, very blue match with V = 16.004 ± 0.471 mag, and B − V = −1.692 ± 0.479 mag. We note that there are very few sources spectroscopically classified with these B and V magnitudes (also note that this very blue match is outside the B − V color range shown in Fig. 1 ). Although the identified counterpart has been spectroscopically classified as an O8-9e star , thus bright, blue, magnitudes are expected, perhaps the deblending photometric algorithm used in the MCPS survey resulted in erroneous B and/or V magnitudes in this case, given the very contradictory values present in the literature (also, in the MCPS catalog in particular, the errors in the B and V magnitudes for this object is of the order of 0.5 mag). As noted in Table 3 , there is a blue source (ID 119691 in the catalog of Massey 2002) with V = 14.12 mag, and B − V = 0.02 mag at 1.34 from the X-ray source position. This is also source 66519 in LMC field (SC) 6 from the OGLE-II survey (Udalski et al. 2000) with V = 14.461 mag and B − V = −0.054 mag. In the latest OGLE-III catalog (Ulaczyk et al. 2012) there are 2 sources in Field 100.1 both within only ∼1 , of the X-ray position: source 5424 at 1.0 with I = 14.362 mag, and V = 14.449 mag, and source 138 at 1.1 with I = 14.358 mag, and V = 14.446 mag. Thus, most probably the MCPS, but also prior works, have blended together multiple point sources, resulting in erroneous B and/or V magnitudes. This source has been classified in the past as a Be-XRB and given the uncertainty of its photometric properties we decided not to revise its classification.
A3 RX J0523.2-7004 (source ID # 15)
This source has two equally probable matches (based on their similar chance coincidence probabilities; Fig. 3 ), thus we cannot propose either as its optical counterpart. They are located at 15.88 and 3.62 from the X-ray source position (90% error radius 9.9 ), and they are both bright (V ∼ 15 mag; the nearest one is redder by ∼0.5 mag). Based on their photometric properties, we classify this source as a candidate Be-XRB.
A4 RX J0527.1-7005 (source ID # 17)
Based on the brightness of the identified matches for source RX J0527.1-7005, which has a positional uncertainty of 11.9 , we propose as the most likely counterpart the source at 4.91 with V = 15.308 ± 0.050 mag and B − V = 1.208 ± 0.066 mag (see Table 2 ). This optical match is perhaps too red for an HMXB (as previously classified; Haberl & Pietsch 1999a) , although few Be and B[e] III-V sources have been found by Reid & Parker (2012) to have even redder B − V colors (see Fig. 1 ). Nevertheless, following a conservative approach we opted here to exclude this source from the list of HMXBs in the LMC. We also note that outside the 1σ search radius (i.e. at 13.23 ) there is another optical match with V = 18.626 ± 0.074 mag and B − V = 0.156 ± 0.090 mag (from Table 4 ), which falls at the faint end of the Be-stars locus in the V, B − V color-magnitude diagram (see Fig. 1 ).
A5 RX J0529.4-6952 (source ID # 19)
Within its r 90 (∼9.8 ), this source has two equally probable matches (based on their similar chance coincidence probabilities; Fig. 3 ). We propose as the most likely counterpart the brightest one, located at 10.08 from the X-ray source position. This match falls well within the locus of Be stars, thus we classify this source as a candidate Be-XRB.
A6 RX J0530.7-6606 (source ID # 23)
This X-ray source has a positional uncertainty of 11.4 (see Table 1 ), and we have identified two optical sources (in Table 4 ) as equally likely matches due their similar chance coincidence probabilities (Fig. 3) , photometric properties (i.e. position on the V, B − V color-magnitude diagram) and offsets from the X-ray position. Nevertheless, we choose as the most probable match the one that falls nearer to the locus of Be stars in Fig. 1 (i. e. the one with an offset of 21.72 , while the one at 22.13 is too blue and it is presented in this color-magnitude diagram as a less probable match) and we classify this source as a candidate Be-XRB. A7 RX J0531.2-6607 (source ID # 24) and XMMU J053118.2-660730 (source ID # 26): Two different X-ray sources
We treat sources with IDs # 24 and # 26, which have been both detected by XMM-Newton (for more details see Table 1 ), as two different sources since they are ∼38 away from each other. For RX J0531.2-6607 we find an OB counterpart within 5.71 from the X-ray position, in agreement with previous studies (Negueruela & Coe 2002 assigned a B0.7Ve spectral type to this counterpart, so we retain its classification as a Be-XRB system). Similarly, we find a bright OB star within 3.21 from source with ID # 26, which has V = 16.873 ± 0.023 mag and B − V = −0.069 ± 0.031 mag (see Table 2 ). Based on this new identification, we classify XMMU J053118.2-660730 as a candidate Be-XRB list this as an uncertain HMXB).
A8 XMMU J053115.4-705350 (source ID # 25): a new candidate supergiant XRB
This source has been classified by as a likely HMXB candidate with R = 13.6 mag and V − R = 0.1 mag. Here, we identify its counterpart as the MCPS source with V = 14.051 ± 0.025 mag and B − V = −0.042 ± 0.043 mag located at 1.64 from the X-ray position ( Table 2 ; we note that this is a unique match within a search radius of 5 ). Reid & Parker (2012) 
